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E-mail address: p_mirzae@encs.concordia.ca (P.AWind energy has been continuously considered as a green, available, and economical alter-
native source of energy. For centuries, the transformed wind energy to drag-force has been
used for transportation in watercrafts. With improvement of aerodynamics, the airfoil was
invented to create and use a higher magnitude aerodynamic force, lift-force, in order to ele-
vate airplanes. Later, the lift-force was horizontally applied as the thrust force in land/
water wind-crafts. Whereas in airplanes horizontal airfoils (wing) create a vertical lift-
force, installed vertical airfoils (wing-sail) produce a horizontal lift-force in wind-crafts.
Therefore, this force can be used as thrust (driving) force in lift-based ice, water, and land
vehicles. If the prevailing wind is constantly available, the vehicle speed can even exceed
the wind velocity. Due to the complex kinematics of such vehicles, however, it should be
noted that there would be always an optimum for the thrust force in order to control
and navigate the vehicle to the destination point, and to avoid the severe undesired
side-forces. This optimum is calculated in wind-craft trajectory software (WTS) which
requires many inputs, including variable and constant parameters. Variable parameters
consist of wind direction and magnitude in addition to vehicle’s position, velocities, and
accelerations. On the other hand, design characteristics of the wind-driven vehicle are
known as constant parameters. The land-yacht body’s drag is an unknown constant param-
eter which alters according to the relative wind. This implies that several wind tunnel
experiment in different wind directions and speeds are required in order to obtain the drag
coefﬁcients.
Therefore in order to bypass the wind tunnel measurements, this study aims to propose a
fast and economical procedure to ﬁnd the aforementioned drag coefﬁcient by integration of
a measurement and by a simulation approach. The obtained data can be later used in the
optimization and control module of the WTS. The performance of this procedure has been
investigated using a case study. For this purpose, a 1:4 prototype three-wheel land-yacht is
ﬁrst designed and fabricated. The land-yacht comprises of three major parts; horizontal
airfoil (axle), vertical airfoil, and body. The dimensions of these elements are obtained after
development of a code based on kinematics of the land-yacht. The axle is designed to
increase the stability of the land-yacht, whereas the shape of the body is intended to pro-
duce a low drag coefﬁcient in various directions. Furthermore, a set of experiments has
been conducted to measure the body drag of the land-yacht in a direction parallel to the
relative wind. This experiment is later used to develop and validate a computational ﬂuid
dynamics (CFD) model in order to estimate the drag of the land-yacht body in its various
directions against the relative wind. The results show the adequate efﬁcacy of this proce-
dure to provide the required data for the optimization and control module of the WTS.
 2012 Published by Elsevier Inc.y Elsevier Inc.
. Mirzaei).
Nomenclature
x, y, z Cartesian axis (m)
_x; _y velocity in x and y directions (m s1)
€x; €y acceleration in x and y directions (m s2)
M weight of the land-yacht (kg)
AP ; _Ap;Aka effective area of the vertical and horizontal airfoils, and land-yacht body due to its direction (m2)
Ni (i = 1,2,3) normal forces to the wheels (N)
Ffx, Ffy friction force of wheels in x and y directions (N)
FDx, FDy drag-force of the land-yacht body in x and y directions (N)
FL, FD total lift and drag-force on the vertical airfoil (N)
FDown downward lift-force on the horizontal airfoil (N)
CLða;ReÞ, CDða;ReÞ lift and drag coefﬁcients on the vertical airfoil
_CLðReÞ lift coefﬁcient on the horizontal airfoil
CDðka;ReÞ drag of the land-yacht body due to its direction
a angle of attack ()
b angle of the land-yacht relative to XY coordinate ()
k angle of the vertical airfoil relative to xy coordinate ()
q density (kg m3)
lx, ly friction coefﬁcient of wheels in x and y directions
Urel relative wind velocity vector due to the land-yacht (m s
1)
U1 prevailing wind vector (m s1)
H1, H2 land-yacht vertical dimensions (m)
D, L, L2, L3, L4 land-yacht horizontal dimensions (m)
Re Reynolds number ¼ U1 lt
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Civilization has an indisputable debt to wind energy whose contribution ranges from the development of agriculture to
the improvement of human transportation; from ancient windmills to recent wind farms which provide 2% of worldwide
electricity energy [1]. Sailing is referred as the ﬁrst technique to implement wind energy for human transportation beginning
from late millenniums [2]. Entering the 20th century, wind energy has been again employed to make a dream come to an
end; capturing the sky. This was not possible without improvement of aerodynamics [3,4]. Studies have been revealed that
the lift-force has a larger order of magnitude than drag-force. This concept has been referred to a revolution in implemen-
tation of the wind energy in aviation industry [5]. On the other hand, effort has been conducted to take the advantage of this
green, available, and economical energy in sail and land yachts [6–8]. Thus, the lift-force was produced in the lift-based vehi-
cles using one or several ﬂexible or rigid vertical wing-sails [9–11]. The wing-sails are mostly designed with the shape of an
airfoil, and installed on wheels/ship to be used in land/water. Theoretically, the airfoil can constantly produce a lift-force
which can cause a higher velocity in the yacht than its prevailing wind. For example, a speed of 203.1 km/h is recorded
for a land-yacht on March 26, 2009 when wind speeds were ﬂuctuating between 48 and 80 km/h [12]. The lift-based vehicles
are not only useful on Earth, but it is desired to use them in other planets as explorer robots, where the wind energy with
high velocity is mostly available and access to solar radiation might be impossible. However, the main drawback of such
vehicles in highly ﬂuctuated winds is their complexity in providing a proper angle of attack against the relative wind in order
to steer the land-yacht to a planned destination. At the moment, the angle of wing-sail is manually adjusted by land sailors
learned through experience. Therefore, to develop persistent wind-driven vehicles, it is necessary to evolve their steering
mechanisms from manual to automatic.
As shown in Fig. 1, the wind-craft trajectory software (WTS) is considered to navigate the land-yacht to the desired des-
tination based on variable parameters, including the prevailing wind velocity and direction. Moreover, design parameters are
known as constant factors for the WTS. In general, the WTS has two major parts, including kinematics, as well as optimiza-
tion and control modules which can calculate an optimum angle of attack for the vertical airfoil regarding to the variable and          WTS
Land-yacht kinematics 
Optimization and control 
  Input 
Wind velocity and direction 
Desired position, velocity, and 
acceleration of the wind-craft 
        Output 
Vertical airfoil angle 
Fig. 1. Diagram of necessary steps to obtain maximum force in desired navigation direction.
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variables are mostly provided through design characteristics of a land-yacht. The only unknown parameter is the drag coef-
ﬁcients of land-yacht body which is a function of wind speed and direction. This means that extensive wind-tunnel exper-
iments have to be performed in order to measure this coefﬁcient.
Thus, this study aims to develop a simulation model in order to bypass the wind-tunnel process, and provide appropriate
kinematics information for the optimization and control module of theWTS. For this purpose, kinematics of the land-yacht is
ﬁrst developed. Then, a land-yacht prototype is designed and fabricated to guaranty the stability of the land-yacht for veloc-
ities up to 20 m/s. This prototype has three major parts: horizontal axle (airfoil), vertical airfoil, and land-yacht body. A set of
experiments combined with a computational ﬂuid dynamics (CFD) model is later developed to approximate the only un-
known parameter of the land-yacht’s trajectory model, the drag coefﬁcient of the land-yacht body. Consequently, the opti-
mization and control module of the WTS will be able to recommend a unique angle for the vertical airfoil in order to provide
suitable thrust force to navigate the land-yacht.2. Kinematics of the land-yacht
To design the land-yacht prototype, it is necessary to ﬁrst derive the dynamics of a land-yacht [13,14]. As shown in Fig. 2,
the studied land-yacht has three wheels. The front wheel has a steer mechanismwhile a vertical airfoil produces thrust force.
The projection of the driving force in moving coordinate (xy) can be derived as below:½FL sinðk aÞ þ FD cosðk aÞ  FDx  Ffx ¼ M€x; ð1Þ
½FL cosðk aÞ  FD sinðk aÞ  FDy  Ffy ¼ M€y; ð2Þ
where M is the weight of the land yacht. FL and FD are respectively the airfoil lift and drag forces created by relative wind.
Also, FDx and FDy represent drag of the land-yacht body in x and y, respectively. a is angle of attack. b and k denote the angle of
the land-yacht and airfoil relative to ﬁxed coordinate (XY) and moving coordinate (xy), respectively. Moreover, Ffx and Ffy are
respectively the friction of wheels in x and y directions. Obviously, Ffy shows the side-slip effect of the land-yacht and has
larger order of magnitude than Ffx which is the rolling friction of the wheels:Ffx ¼ Ff -side1 þ Ff -side2 þ Ff -side3 ¼ ðN1 þ N2 þ N3Þlx; ð3Þ
Ffy ¼ ðN1 þ N2 þ N3Þly; ð4Þ
Mg þ FDown  N1  N2  N3 ¼ 0; ð5Þ
where g is the gravity acceleration. lx and ly are respectively the friction coefﬁcients of wheels in x and y directions. Ni
(i = 1,2,3) are the normal forces to the wheels. Obviously, ly has a negligible magnitude and can be omitted in calculations.
Also, FDown demonstrates the downward lift-force of the horizontal NACA0012 airfoil (see Fig. 3). It is worth mentioning thatFig. 2. Diagram of kinematic forces for the land-yacht.
Fig. 3. Moment diagrams of the prototype land-yacht.
P.A. Mirzaei, M. Rad / Applied Mathematical Modelling 37 (2013) 50–61 53the angle of attack for the axle (horizontal airfoil) is designed and ﬁxed to be 3. One can also calculate the vertical and
horizontal airfoil lift and drag forces as follows [3]:FL ¼ 12qCLða;ReÞAPU
2
rel; ð6Þ
FD ¼ 12qCDða;ReÞAPU
2
rel; ð7Þ
FDown ¼ 12q
_CLðReÞ _APU
2
rel; ð8Þwhere q is the air density, and AP and _Ap are the effective area of the vertical and horizontal airfoils (the length of airfoil span
multiply by its chord length), respectively. CL(a,Re) and CD(a,Re) are respectively the lift and drag coefﬁcients, and depend on a
and Reynolds number Re ¼ U1 lt
 
. These coefﬁcients are mostly provided for standard types of airfoils (here; NACA0012).
However, _CLðReÞ is only a function of Reynolds number since its angle of attack is constant (3). FDx and FDy can be also
obtained from the following equations:FDx ¼ 12qCDðka;ReÞAkaU
2
rel cosðk aÞ; ð9Þ
FDy ¼ 12qCDðka;ReÞAkaU
2
rel sinðk aÞ; ð10Þwhere CDðka;ReÞ is the drag coefﬁcient of the land-yacht body and varies by changing the angle of land-yacht body due to the
relative wind. Aka is also the effective area of land-yacht body due to its direction. This implies that Aka is the projection of
54 P.A. Mirzaei, M. Rad / Applied Mathematical Modelling 37 (2013) 50–61the land-yacht surface area in each k a ðA cosðk aÞ for FDx and A sinðk aÞ for FDy). The presented procedure in Sec-
tion 4 demonstrates an approach to ﬁnd CDðka;ReÞ. The relative wind changes continuously with direction of the land-yacht
and can be illustrated as below:Urel ¼ U1  ð_x2 þ _y2Þ0:5; ð11Þ
where U1 is the prevailing wind vector, and Urel is the relative wind velocity vector due to the land-yacht. _x and _y are also the
land-yacht velocity vectors in x and y direction, respectively.
Moreover, Eqs. (12)–(14) show the forces applied to the aerodynamic center (a.c) and center of gravity (c.g) of the land-
yacht. In order to increase the stability of the vehicle in higher velocities, it is important to select appropriate dimensions for
the land-yacht (illustrated in Fig. 3). This implies that the parameters should be designed in a conservative range to prevent
the rotation of the land-yacht around L-axis. The projections of the moments around the L-axis in the xz and yz planes are
known as roll and pitch, respectively. Also, yaw moment explains how the land-yacht spins around z axis in the xy plane
(Fig. 2). These moments can be derived as below:RMxz ¼ ½FL sinðk aÞ þ FD cosðk aÞH2 þ ðN1  N2ÞD lxfðN1 þ N2 þ N3ÞH1g; ð12Þ
RMyz ¼ ½FLcosðk aÞ  FD sinðk aÞH2 þ FDownL4  ðN1 þ N2ÞL2 þ N3L3  lyfðN1 þ N2 þ N3ÞH1g; ð13Þ
RMxy ¼ ½FL sinðk aÞ þ FD cosðk aÞL1  lxfðN1 þ N2ÞL2  N3L3g  lyfðN1  N2ÞDg; ð14Þ
where RMxz, RMyz, and RMxy represent roll, pitch and yaw moments, respectively. Also, the direction of the friction
forces is always employed in opposite direction of the land-yacht movement. It is worth mentioning that c.g. and the
pressure center of land-yacht body are designed to be very close to each other; their distance is assumed to be zero
in moments’ calculations.
In order to ﬁnd reliable dimensions for parameters, a code is developed to predict the trajectory of the land-yacht based
on Eqs. (1)–(14). Knowing the prevailing wind velocity and direction, and ﬁxing the vertical airfoil to gain a maximum lift
and drag forces, priority of the developed code is deﬁned to prevent the land-yacht from roll, pitch, and yaw. Thus, the
priorities and restrictions applied to the code can be presented as follows:
 Preserve the roll, pitch, and yaw around zero.
 Preserve the side forces around zero.
 Assume a maximum length and width of 1.5 m for the land-yacht prototype.
 Assume a maximum height of 2 m for the land-yacht prototype.
 Preserve a maximum weight of 10 kg for the land-yacht prototype.
The obtained sizes for various parameters of the land-yacht are depicted in Table 1. These numbers guarantee the stability
of the designed land-yacht for velocities up to 20 m/s. It is worth mentioning that lift and drag coefﬁcients for standard air-
foils (NACA0012), and Aka are provided a priori for the developed code. However, the drag coefﬁcient of land-yacht body
(CDðka;ReÞ) is the only approximated parameter. Therefore, a set of experiment-simulation is proposed to ﬁnd the exact value
of this number for the WTS.3. Fabrication of the land-yacht prototype
As depicted in Fig. 4a, the axle is designed as a horizontal airfoil to conserve the stability of wind-craft in high velocities,
to produce a small drag against the relative wind, and to perform a downward lift-force. It should be mentioned that thisTable 1
Calculated parameters of the land-yacht prototype.
Parameter Value
L1 17.5 cm
L2 10.0 cm
L3 99.1 cm
L4 8.8 cm
H1 16.3 cm
H2 57.0 cm
D 71.0 cm
W 8 kg
Vertical airfoil height 100.0 cm
Vertical airfoil chord 50.0 cm
Horizontal airfoil height 120.0 cm
Horizontal airfoil chord 10.0 cm
Fig. 4. Different parts of the land-yacht prototype.
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recommended and used airfoil in literature due its symmetrical shape and proper characteristics against the stalling [15].
The horizontal airfoil is fabricated from aluminum alloy 7020 [16]. The chord and span lengths are also presented in
Table 1.
Fig. 4b demonstrates the vertical NACA0012 airfoil required to produce driving forces. The 00-series airfoil provides a rea-
sonable lift coefﬁcient and stall angle. In order to avoid unnecessary moments, the center of moments needs to be projected
on the aerodynamic center (Fig. 3 and Table 1). Moreover, balsa wood coated with ﬁberglass strings is selected to fabricate
this airfoil.
Eventually, the land-yacht body (shown in Fig. 4c) is designed and fabricated from ABS copolymer to ﬁrst protect the
controlling systems, devices, and servo-motors implemented to rotate the vertical airfoil and front-wheel according to
the WTS. Its aerodynamic shape also helps to reduce resisting drag in different angle of the relative wind. This point
will be later observed in Fig. 11 where the drag coefﬁcient at various angles is relatively low. To obtain the complex
drag-force of the land-yacht body, a procedure using a set of experiments integrated with a CFD simulation is proposed
in the next section.Fig. 5. Land-yacht body drag test.
Fig. 6. Simulation approach to calculate drag coefﬁcient on the land-yacht body.
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To provide data for the optimization and control part of the WTS, all parameters presented in Eqs. (1)–(14) are known
except CDðka;ReÞ. This drag coefﬁcient, however, cannot be precisely found using analytical techniques. Thus, in this section,
a procedure consisting of a measurement and a simulation model is presented to calculate CDðka;ReÞ .
4.1. Experiment
First, a set of experiments is developed in order to measure the effect of prevailing wind on the land-yacht body when the
relative angle between them is zero (k a ¼ 90). For this purpose, the airﬂow with velocities ranging from 2 m/s to 20 m/sFig. 7. Measurement and CFD simulation of drag coefﬁcient of the land-yacht body.
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according to the drag effect on the land-yacht body. The measured drag coefﬁcients are demonstrated in Fig. 7. The
CDðka¼90 ;ReÞ may be obtained using Eqs. (9) and (10). In the next section, the obtained data are used to validate the simulation
model for the prediction of CDðka;ReÞ when k a is changing. However, here, it is expected that the measurement does not
fully represent the real situation of the land-yacht movement. The source of this discrepancy might be attributed to the
stationary wheels in the experiment. The rolling friction coefﬁcient between wheels and road is signiﬁcantly different than
the stationary friction coefﬁcient between wheels and the wooden testing board (Fig. 5).
4.2. CFD simulation
One approach to ﬁnd aforementioned CDðka;ReÞ is to implement computational ﬂuid dynamics (CFD) simulation over the
wind-craft body. For this purpose, the airﬂow is assumed to pass over the wind-craft in different angles. Here, to decrease the
number of calculations, only ﬁve angles ð0; 45; 90; 135 and 180Þ are simulated using Fluent [17] software. This implies
that the WTS can then interpolate CDðka;ReÞ from simulated angles. A 2 m  0.5 m  0.5 m (x  y  z) domain is created in
order to model the airﬂow over the wind-craft (Fig. 6a). The current size for the domain is obtained from a parametric study
for three dimensions; x, y, and z. It is observed that the selected sizes for the section of the study domain (yz-plane) are ade-
quate enough to avoid the interference of the walls on ﬂow pattern over the land-yacht body. The length of the study domainFig. 8. Airﬂow pattern over the land-yacht body in different upstream velocities.
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also necessary to consider a tradeoff between length size and number of generated cells. In Fig. 7, two study domains with
length of 2 m (CFD-2 m) and 4 m (CFD-4 m) are compared to the aforementioned experiment in previous section. Therefore,
the inﬂow velocity is changed several times according to the experiment. The domain length less than 2 m engenders an
enormous discrepancy while more than a 4 m length does not have a signiﬁcant effect on the results. As it is shown in
Fig. 7, CFD-4 m have lower overall discrepancy (11%) than that of CFD-2 m (14%) although CFD-4 m underestimates the drag
coefﬁcient, especially in medium range Reynolds number where the error is about 26%. This number is 6% for CFD-2 m. This
implies that a huge advantage cannot be always gained using longer length for the domain size.
Selecting CFD-2 m and for the validation of the airﬂow model, over 1.1 million tetrahedron/hexahedron cells are gener-
ated using Gambit software [18] where the minimum andmaximum size of the cells are 1.410 m3 and 1.16 m3,respectively.
The meshes are mostly reﬁned on surfaces of the land-yacht to capture the viscosity within the boundary layer region which
signiﬁcantly affects the formation of the drag-force (Fig. 6b). In validation simulation, half of the domain is also modeled due
to the symmetry of the problem. Simulation domain and assigned boundary conditions are also illustrated in Fig. 6a.
Moreover, standard K–e turbulence model is selected with enhanced wall-treatment for surface of the study domain and
land-yacht body. Furthermore, second-order upwind is employed as discretization scheme for momentum equation. SIMPLE
algorithm is performed as numerical procedure to solve the Navier–Stokes equation.5. Results and discussion
As shown in Fig. 7, the obtained results demonstrate the capability of the CFD model in calculating the wind-craft body’s
drag coefﬁcient. The overall and maximum 14% and 21% errors between simulation and experiment are also calculated in
this study, respectively. It is noteworthy to mention that there is an uncertainty on a share of calculated discrepancies for
the measurement (i.e. device calibration, rolling effect of the wheels) and CFD (i.e. domain size, turbulent scheme, grid size).
In general, the CFD model illustrates a suitable accuracy for prediction of the ﬂow pattern over the land-yacht body through
different Reynolds numbers.
As expected from theory, the drag coefﬁcient decreases as Reynolds number increases in both simulation and experiment
studies shown in Fig. 7. Fig. 8 demonstrates how airﬂow passes the land-yacht body. According to this ﬁgure, it can be con-
cluded that the airﬂow regime over the body lays mostly in the turbulent region when its pattern does not signiﬁcantly
change with increase of upstream velocity. As it is expected from theory, the airﬂow ﬁrst reaches its maximum speed on
the top of the half-cylinder (around 120) where separation occurs (Fig. 8). As mentioned before, the half-cylinder is neces-
sary to protect the steering system. Furthermore, the airﬂow slips over the sloped shaft of the land-yacht body until it
reaches the tail, where the airﬂow is slightly separated. Here, a weak vortex can be seen below the tail in Fig. 9. As it can
be seen from the normalized velocities, in higher upstream velocities the magnitude of the airﬂow close to the tail signiﬁ-
cantly reduces as its value (U/U1) from U1 = 3.1 (m/s) to U1 = 20.1 (m/s) varies approximately from 2.5 to 0.75. Obviously,Fig. 9. Normalized airﬂow pattern on tail of the land-yacht body in different upstream velocities.
Fig. 10. Pressure contours over the land-yacht body in different upstream velocities.
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60 P.A. Mirzaei, M. Rad / Applied Mathematical Modelling 37 (2013) 50–61the separation creates weaker backﬂow in higher velocities and reduces the drag of the land-yacht body. Furthermore, the
pressure contours for velocities 3.1, 6.0, 12.2, and 20.1 (m/s) are depicted in Fig. 10. As expected again, a strong negative
pressure ﬁeld after the tail of the land-yacht vanishes as upstream velocity increases. This shows again the inﬂuence of
the tail vortex which is deteriorated in the higher Reynolds numbers.
The validated CFD model in the previous section provides an adequate accuracy for further development of a practical
prediction tool in order to estimate CDðka;ReÞ which denotes the drag coefﬁcient at various angles of attacks ðk aÞ and Rey-
nolds numbers.
Because of the symmetry in the shape of the land-yacht body ðCDð0!180 ;ReÞ ¼ CDð360!180 ;ReÞÞ, only drag coefﬁcient in half of
the domain, CDð0!180 ;ReÞ, is calculated. For this purpose, the airﬂow is discretized with ﬁve angles ðk aÞ, including
0; 45; 90; 135, and 180. Also, eight velocities are simulated for each angle resulting 40 simulation sets in total (as illus-
trated in Fig. 11). Obviously, a desired angle existing between two calculated angles can be interpolated to obtain CDðka;ReÞ.
One can also reﬁne the current 45 interval to smaller sectors for retrieving better resolution.
As expected, drag coefﬁcients decrease independently in each angle with the increase in Reynolds number (Fig. 11). The
decrease rate is higher when k a ¼ 0 and lower when k a ¼ 90. When k a ¼ 180, changes in the drag coefﬁcient
show the minimum value in both higher and lower Reynolds numbers. For k a ¼ 45 and k a ¼ 135, a same pattern
can be almost seen with a high drag coefﬁcient around CD = 0.8 in higher Reynolds number while it decreases to about
CD = 0.5 within lower Reynolds. Fig. 11 acknowledges design efﬁcacy of the land-yacht body since higher drag coefﬁcient
are attributed to k a ¼ 0 knowing that the k amostly exists around 45 during the land-yacht navigation. The obtained
results of this ﬁgure can be later integrated to the WTS in order to calculate the threshold of driving forces. It should be againFig. 11. Drag coefﬁcient of the land-yacht body against the upstream wind with different angles.
Fig. 12. Thrust force of the land-yacht for k = 0 and a = 20 in different Reynolds numbers.
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dataset from this part.
To verify the result of Fig. 11, another set of experiments is conducted to assure the performance of the proposed proce-
dure. For this reason, a random angle is selected to test the imposed forces on the land-yacht prototype. Therefore, the whole
land-yacht is placed parallel to an upstream relative wind as k ¼ 0 and a ¼ 20 while the total thrust force imposed to the
land-yacht in x-direction is measured using an S-type load cell. As illustrated in Fig. 12, the driving force elevates from
3 (N m2) to 32 (N m2) when the relative wind velocity increases from 3.1 (m s1) to 20.1 (m s1). In this case, the side
forces are not large enough to slide the land-yacht in y-direction (see Figs. 2 and 3).
Using Eq. (2), representing the dynamic of the land-yacht in x-direction, one can calculate the driving force in x-direction
as the only unknown parameter is CDðka¼20 ;ReÞ. This value can be extracted and interpolated from Fig. 11. As illustrated in
Fig. 12, the predicted driving forces through the prediction model are fairly compatible with measured thrust force where
the mean error is about 6%. Similar to the measurement, the calculated thrust force increases as Reynolds number elevates.
This means that the land-yacht can have a maximum initial acceleration of 3.9 (m s2) when Urel ¼ 20:1 ðm s1Þ; k ¼ 0 and
a ¼ 20. This number is comparable with initial acceleration of modern automobiles.
6. Conclusion
The kinematics of a three-wheel land-yacht is derived followed by a code in order to obtain the required dimension for a
1:4 land-yacht prototype. After the design and fabrication of the land-yacht prototype, an experiment is conducted to mea-
sure the drag coefﬁcient of the land-yacht body in various velocities. These numbers are then used to validate a CFDmodel in
order to generate a dataset for imposed driving force over the land-yacht body. This data set is then used in kinematics of the
land-yacht to estimate the driving-force. Comparison of the calculated thrust force with another measurement dataset ap-
proves the capability of the developed procedure as the average discrepancy betweenmeasurement, and CFD is obtained less
than 6%. This clearly approves the adequacy of the CFD model in order to provide the required parameter for the optimiza-
tion and control module of the WTS. This means that the developed procedure can signiﬁcantly reduce the number of re-
quired measurements.
Many innovative and conceptual designs can help to enhance the kinematics of the land-yachts to reach higher acceler-
ations for future investigations. Studies have to be conducted for providing more efﬁcient driving-forces using advancer air-
foils as well as mechanism to prevent dissipated energy through the slid motion of the wheels. Moreover, it is also necessary
to improve the proposed procedure by development of more accurate CFD models. Furthermore, advanced approaches such
as Artiﬁcial Neural Network (ANN) and Genetic Algorithm (GA) are potential alternatives for the optimization and control
module of the WTS. Eventually, it is possible to integrate other sources of sustainable energy (e.g. solar) to the land-yacht
by installing photovoltaic panels on vertical and/or horizontal airfoils.
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